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Abstract 
This study determined and contrasted the effect of physicochemical conditions on the distribution and abundance of the 
life stages of Ruppia tuberosa J. Davis and Tomlinson in neighbouring permanent (Coorong) and ephemeral (Pipe 
Clay and Cantara) lakes in southeastern South Australia. The distribution and abundance of shoots, flowers, seeds, and 
turions of R. tuberosa were monitored. Salinity and water depth were identified as the principal physicochemical 
conditions driving changes in the distribution and abundance of the life stages of R. tuberosa. Extremely high salinity 
led to reduced germination, flower and seed production, and shoot abundance in the Coorong. Salinity levels in Lake 
Pipe Clay were favourable for germination but not for flowering; however, Lake Cantara was not only favourable for 
the establishment of R. tuberosa shoots, but also for flower and seed production. In ephemeral systems, if favourable 
salinities for germination and growth occur during autumn and winter, R. tuberosa is able to survive elevated spring 
salinities and persist through either sexual reproduction or the production of turions, depending on salinity levels. The 
reduced abundances of R. tuberosa at water depths >0.6 m suggest light limitation and that R. tuberosa is a high-light–
adapted species. Because salinity is an easily measured parameter with significant biological implications, it is useful 
for setting environmental flow targets for the Coorong and River Murray estuary. 
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Introduction
Secondary salinisation is recognised as a major environ-
mental problem in arid and semiarid regions of the world 
(Redondo-Gómez et al. 2009), and many riverine and 
wetland ecosystems are impacted in Australia (Hart et al. 
1991). Secondary salinisation is caused by a number of 
factors, including increasing irrigated agriculture and 
anthropogenic modification to water regimes (Nielsen et 
al. 2003).
Salinisation of inland water ecosystems has reduced 
the abundance and distribution of submerged aquatic 
macrophytes (Sim et al. 2006, Song et al. 2008), which 
play an integral part in the functioning of these ecosystems 
(Brock et al. 2005). Previous studies have revealed that 
salinity stress influences the establishment, growth, and 
survival of glycophytes and halophytes (Vicente et al. 
2004, Brock et al. 2005). Increased salinity can have 
detrimental effects not only on the condition of mature 
plants, but also on their reproductive capacity, thereby 
influencing propagule availability (Parida and Das 2005). 
The impacts of salinisation on macrophytes often coincide 
with other co-related impacts, such as water depth and 
temperature (Santamaría et al. 1995, Carruthers et al. 
1999). 
Significant losses of glycophytes from river and stream 
ecosystems have been relatively well studied (Brock et al. 
2005), but impacts on halophytes have received less 
attention (Song et al. 2008), despite their importance to 
saline inland water ecosystems (Sim et al. 2006). Species 
of Ruppia (Ruppia megacarpa R. Mason, Ruppia 
polycarpa R. Mason, and Ruppia tuberosa J. Davis and 
Tomlinson) are oceanic halophytes that provide crucial 
habitats for fish and invertebrates and food for waterfowl 
(Congdon and McComb 1979, Mannino et al. 2015). They 
grow in a wide range of salinities from 12 to 230 g/L but 
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display large differences in their salinity preferences and 
tolerances for different life stages (Brock 1979). 
R. tuberosa and R. megacarpa were once widespread in 
the Coorong, a Ramsar wetland in South Australia 
recognised for its diverse and abundant waterbird 
community (Paton and Rogers 2007). Although once 
abundant in the Coorong, R. megacarpa has now 
disappeared (Dick et al. 2011), coinciding with a period of 
reduced riverine inputs associated with water extractions 
for anthropogenic purposes (Brookes et al. 2009). As 
riverine inputs have decreased since European settlement, 
the salinity has increased, and R. tuberosa has become 
more dominant (Dick et al. 2011). R. tuberosa is now the 
most widely distributed angiosperm in both the Coorong 
and a series of ephemeral lakes to the south of the 
Coorong, including Lake Pipe Clay and Lakes Cantara 
North and South. R. tuberosa is an annual or a short-lived 
perennial angiosperm capable of both sexual (seeds) and 
vegetative (turions and rhizomes) reproduction (Brock 
1982); however, its abundance and distribution in the 
Coorong has declined significantly (Brookes et al. 2009, 
Rogers and Paton 2009).
This study determined the effect of physicochemical 
conditions on the distribution and abundance of various 
life stages of R. tuberosa in the Coorong region. In our in-
vestigations, salinity thresholds for various R. tuberosa 
life stages were also assessed. The distribution and 
abundance of shoots, flowers, seeds, and turions of 
R. tuberosa were monitored in the Coorong and neigh-
bouring lakes and compared to a range of physicochemi-
cal conditions. Management of appropriate salinity 
conditions in the Coorong can be achieved with environ-
mental flows from the River Murray, and therefore an un-
derstanding of how salinity and water depth affects 
Ruppia spp. is critical for restoration of this system.
Material and methods
Site description
The Coorong is a permanent coastal lagoon located in 
southeastern South Australia in the Murray-Darling Basin 
(Fig. 1). The Coorong is one of Australia’s largest 
wetland systems and, along with the Lower Lakes 
(Alexandrina and Albert), is listed as a wetland of inter-
national importance under the Ramsar convention 
(Ramsar Convention on Wetlands: http://www.ramsar.
org/), largely due to the abundance and diversity of the 
Coorong’s waterbird community (Paton et al. 2009). The 
climate of the region is mediterranean, with hot, dry 
summers (Dec–Feb) and cool, wet winters (Jun–Aug). 
The Coorong has an area of 467 km2 and is composed of 
2 main lagoons (North and South) separated by a narrow 
channel at Parnka Point. Flow to the Coorong is 
controlled by 5 barrages that separate the North Lagoon 
of the Coorong from Lake Alexandrina, a large freshwater 
lake. At the northern end of the North Lagoon is the 
Murray Mouth. Salinity within the Coorong increases 
with distance from the Murray Mouth, with fresh to 
saline conditions in the North Lagoon and saline to 
hyper-saline conditions in the South Lagoon. The salinity 
is determined by the balance of freshwater input from 
river flow over the barrages and direct precipitation and 
losses through evaporation and exchange of water along 
and between the lagoons. Water level fluctuations 
propagated by tidal influence at the Murray Mouth 
channel are key drivers of salinity and water level 
regimes in the Coorong (Webster 2010).
Due to the development of an extensive irrigation 
industry within the Murray-Darling Basin, inflows to the 
Coorong are now 40% of natural inflows, and salinities 
within the Coorong have been increasing steadily 
(Brookes et al. 2009). At the time of this study, salinities 
varied from 36 to 116 g/L from north to south, and 
typically the southern end of South Lagoon of the 
Coorong in summer was hyper-saline (>164 g/L). Water 
levels are typically highest in July, August, and September 
and fall to a minimum in February.
South of the Coorong are Lake Pipe Clay (LPC8), 
Lake Cantara North (LCN9), and Lake Cantara South 
(LCS10; Fig. 1), which are ephemeral and have abundant 
R. tuberosa populations. The lakes are shallow (water 
depth ~0.5 m in winter) and dry completely during 
summer. Salinity at Lake Pipe Clay ranges from 26 to 
124 g/L intraannually, and salinities at lakes Cantara 
North and South range from 19 to 70 g/L intraannually.
Field surveys 
Field surveys were carried out in winter (Aug 2008), spring 
(Oct 2008), summer Feb 2009), and autumn (May 2009). 
Surveys were conducted at 7 sites in the Coorong spanning 
the salinity gradient and 3 in adjacent ephemeral salt lakes. 
There were sites in the North Lagoon: NL1 (35°60′S, 
139°03′E), NL2 (35°69′S, 139°17′E), NL3 (36°77′S, 
139°27′E), NL4 (35°80′S, 139°32′E). Three sites in the 
South Lagoon SL5 (35°90′S, 139°40′E), SL6 (35°89′S, 
139°44′E), and SL7 (36°06′S, 139°59′E); and 3 ephemeral 
lakes: LPC8 (36°13′S, 139°65′E), LCN9 (36°33′S, 
139°75′E), and LCS10 (36°33′S, 139°75′E), at the southern 
end of the Coorong. At each site, five 100 m transects were 
established 50 m apart from the shoreline toward the centre 
of the waterbody. At each end and in the middle of each 
transect, 3 × 1 m quadrats were located, which were further 
divided into three 1 × 1 m cells. Within each cell, measure-
ments of water quality, sediment characteristics, and the 
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presence of various life stages of R. tuberosa were taken on 
each sampling occasion. The approach utilised spatial 
gradients (sites and transects) to capture gradients in physi-
cochemical conditions. Although the physicochemical 
conditions will continuously change in the Coorong, this 
approach captured gradients in conditions beyond the 
tolerances of R. tuberosa and thus was appropriate for 
determining the response of R. tuberosa to those conditions. 
Measurement of physicochemical conditions
Water depth, specific electrical conductivity, turbidity, 
temperature, dissolved oxygen, and pH were recorded 
using a calibrated TPS 90-FL series probe (TPS Pty. Ltd., 
Brisbane, Australia). Due to insufficient water, water 
quality measurements could not be taken at all sampling 
times at sites LPC8, LCN9, and LCS10. 
Sediment samples were collected from each cell using 
a sampler corer with an internal diameter of 55 mm for the 
determination of sediment pH, sediment redox potential, 
and sediment organic content. A sediment corer was 
pushed ~40 mm into the sediment for sediment extraction. 
Soil pH was measured immediately upon collection using 
a pH test kit. Similarly, redox potential was measured 
immediately using a Hanna combination platinum 
oxidation–reduction potential electrode. Remaining 
sediments were stored in plastic bags and returned to the 
laboratory where sediment organic content was measured 
as volatile solids using method 2540E described by Eaton 
et al. (2005). For these measurements, 25–50 g (fresh 
weight) of sediment from the 3 subsamples from each 
core was analysed. The sediment organic content was 
calculated as the difference between combusted (550 °C 
for 1 h) and dry (103–105 °C overnight prior to 
combustion) weights, expressed as a percentage of the dry 
weight.
Presence of various life stages of R. tuberosa 
In each cell, the cover/abundance of shoots and flowers of 
R. tuberosa was assessed using the classification of 
Braun-Blanquet (Brock 1979). Percent cover was 
expressed in 6 and 5 categories for shoots and flowering, 
respectively. For shoots the categories were: 0 = absent; 
1 = <5%; 2 = 5–25%; 3 = 25–50%; 4 = 50–75%; and 
5 = 75–100%. For flowers the categories were: 0 = absent; 
1 = <10%; 2 = 10–25%; 3 = 25–50%; and 4 = 50–100%. 
Within each cell, additional sediment samples were 
collected for the determination of seed and turion density. 
Sediment (150 g) was collected with a 55 mm corer 
sieved through a 600 µm sieve; all seeds and turions were 
counted. 
Fig. 1. Location of study sites in the Coorong and neighbouring Lake Pipe Clay and Lake Cantara, South Australia. NL1 = Pelican Point; NL2 
= Long Point; NL3 = Noonameena; NL4 = Seven mile Point; SL5 = Parnka Point; SL6 = Villa dei Yumpa; SL7 = Policeman Point; LPC8 = 
Lake Pipe Clay; LCN9 = Lake Cantara North; and LCS10 = Lake Cantara South.
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Statistical analyses
To assess temporal and spatial differences in R. tuberosa 
abundance (shoot, flower, seed, and turion), nonparamet-
ric 2-way analysis of variances were conducted on 
nonnormal data using GraphPad (v5, GraphPad Software, 
San Diego, USA). For this analysis the effects of season, 
site, and the interaction between season and site were 
assessed. Nonparametric multiplicative regressions 
(NPMR; McCune and Mefford 2004) were used to derive 
optimal fit models describing the response of R. tuberosa 
(shoots, flowers, seeds, and turions) to the physicochemi-
cal conditions (McCune and Mefford 2004). For this 
analysis, only data from winter (for shoot abundance) and 
spring (for flower abundance) were used because physico-
chemical conditions could not be measured during 
summer and autumn at LPC8, LCN9, and LCS10. The 
analysis was conducted using Hyperniche Software 
(v1.12, MjM Software, Oregon, USA), with a local mean 
multiplicative smoothing function with Gaussian 
weighting. The relationships between physicochemical 
conditions and R. tuberosa were initially assessed individ-
ually to determine the independent variable with the 
strongest relationship with R. tuberosa abundance 
(McCune and Mefford 2004). To evaluate the importance 
of independent variables in the NPMR models, sensitivity 
analyses were conducted using Monte Carlo tests; a 
sensitivity value of 0.0 indicates that an independent 
variable has no detectable effect on the dependent 
variable, and 1.0 indicates that a change in the independent 
variable has an equal effect on the dependent variable.
Results
Physicochemical conditions
The Coorong has a longitudinal salinity gradient (Fig. 2). 
The lowest salinity occurred at the northern end, NL1, and 
increased toward the southern end, SL7, with salinity 
ranging from 36 to >116 g/L in autumn, winter, and 
spring. Salinities in the South Lagoon of the Coorong 
(SL5, SL6, and SL7) were ~173 g/L in summer, almost 4 
times higher than seawater. Salinities at LCN9 and LCS10 
were between ~19 and 70 g/L in autumn and spring, 
respectively. Salinity at LPC8 (Lake Pipe Clay) varied 
from 26 g/L in autumn to 124 g/L in spring (Fig. 2).
Shoot abundance 
There were strong spatial differences in shoot abundance of 
R. tuberosa. There were no shoots at NL1 and SL7 in any 
season and low abundances at NL2, SL5, and SL6 
(Table 1). All other sites had relatively high abundances 
and showed seasonal differences, with shoot abundance 
generally highest in winter and spring and lowest in 
summer. The contrasting seasonal responses between sites 
indicated an interaction effect between site and season 
(Table 2). 
The model relating R. tuberosa shoot abundance to 
physicochemical conditions included salinity, water depth, 
turbidity, DO, water pH; sediment redox potential 
explained 73% of variation in R. tuberosa shoot 
abundance, with salinity having the highest sensitivity 
value (Table 3).
The highest R. tuberosa shoot abundance was at 
salinities of 19–70 g/L with a maximum score of 5 
(Fig. 3); however, shoot abundance declined between 
salinities of 70 and 109 g/L but increased again between 
salinities of 116 and 124 g/L. The influence of water depth 
had the second highest sensitivity value (Table 3). 
R. tuberosa shoots were present consistently in water 
depths from 0.2 to 0.6 m.
Flower abundance
Flowering occurred in spring at NL3, NL4, LCN9, and 
LCS10 but did not occur at other sites (Table 1); as such, 
there was significant interaction effect of site and season 
(Table 2). Highest flower abundance occurred at LCN9, 
followed by LCS10, NL3, and NL4. 
Salinity, water depth, turbidity, and water pH 
explained 76% of the variation in flower abundance 
(Table 3). Flower abundance was most strongly 
influenced by salinity, followed by water depth (Fig. 4, 
Table 3). The highest flower abundance was observed 
when salinity was between ~47 and 62 g/L in 0.1–0.4 m 
water depths, and lowest was detected at salinities 
>70 g/L and <47 g/L.
Fig. 2. Salinities of the 7 study sites in the Coorong (NL1–NL4 and 
SL5–SL7) and neighbouring Lake Pipe Clay (LPC8) and lakes 
Cantara North (LCN9) and South (LCS10).
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Abundance Site Season
Winter Spring Summer Autumn
Shoots NL1 0 0 0 0
NL2 1 (1) 1 (1) 1 (1) 1 (1)
NL3 5 (1) 5 (0) 1 (1) 5 (0)
NL4 3 (2) 3 (1) 1 (2) 2 (1)
SL5 2 (2) 1 (1) 0 0
SL6 0 2 (1) 0 0
SL7 0 0 0 0
LPC8 5 (0) 5 (0) 0 5 (0)
LCN9 5 (0) 5 (0) 0 5 (0)
LCS10 4 (0) 5 (0) 0 5 (0)
Flowers NL1 0 0 0 0
NL2 0 0 0 0
NL3 0 1 (1) 0 0
NL4 0 1 (1) 0 0
SL5 0 0 0 0
SL6 0 0 0 0
SL7 0 0 0 0
LPC8 0 0 0 0
LCN9 0 3 (1) 0 0
LCS10 0 2 (1) 0 0
Seeds NL1 0 0 0 0
(No. m−2) NL2 0 0 0 0
NL3 375 (559) 625 (625) 0 125 (279)
NL4 0 0 0 0
SL5 3625 (2774) 3125 (2688) 2500 (1531) 2625 (3074)
SL6 7000 (368) 750 (1118) 2250 (2364) 875 (1369)
SL7 3875 (436) 4000 (7560) 0 1875 (1531)
LPC8 375 (342) 375 (559) 500 (815) 1250 (884)
LCN9 22 250 (7888) 24 250 (1172) 20 500 (5667) 15 500 (5735)
LCS10 4125 (2236) 17 125 (1144) 8875 (5047) 6625 (2781)
Turions NL1 0 0 0 0
(No. m−2) NL2 0 0 0 0
NL3 0 3750 (4351) 4500 (6224) 0
NL4 0 3125 (6988) 6500 (13511) 0
SL5 0 0 0 0
SL6 0 0 0 0
SL7 0 0 0 0
LPC8 0 12 625 (2539) 6375 (3106) 0
LCN9 0 0 0 0
LCS10 0 4000 (2404) 0 0
R. tuberosa shoot and flower abundance were estimated as % cover. Shoot abundance categories were: 0 = absent; 
1 = ≤5% cover; 2 = 6–25% cover; 3 =, 26–50% cover; 4 = 51–75% cover; 5 = 76–100% cover. Flower abundance 
categories were: 0 = absent; 1 = ≤10% cover; 2 = 11–25% cover; 3 = 26–50% cover; 4 = 51–100% cover.
Table 1. Average abundance of shoots, flowers, seeds, and turions of R. tuberosa in Coorong and the 3 associated lakes. Values are mean 
(±SD); n = 90.
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Seed abundance
Seeds of R. tuberosa were consistently more abundant at sites 
LCN9 and LCS10 (Table 1) in all seasons. There were relatively 
small numbers of seeds present in sediments at sites NL3, SL5, 
SL6, SL7, and LPC8. Where seed were present, seed abundance 
tended to be highest in spring, but no seeds were detected at 
sites NL1, NL2, and NL4 in any season; therefore, there was an 
interaction effect of site and season (Table 2).
The model relating seed density to physicochemical 
conditions explained 27% of the variation in seed abundance 
(Table 3). Seed abundance had strongest (inverse) relation-
ships with salinity and water depth (Table 3, Fig. 5). The 
highest seed density was maintained at salinities of 
26–62 g/L in 0.1–0.4 m water depths.
Turion abundance
Turions were not present in all seasons at numerous sites 
but were present in spring and summer at NL3, NL4, LPC8, 
and in spring only at LCS10 (Table 1); therefore, there was 
a significant interaction effect of site and season (Table 2). 
The highest numbers of R. tuberosa turions were detected 
at LPC8 in spring, followed by NL4 during summer.
The model relating turion density to physicochemical 
conditions explained 43% of variation in turion density, 
with salinity and water depth having the greatest influence 
(Table 3). In comparison to seeds, R. tuberosa turions had a 
positive relationship with increasing salinity, with turions 
most likely to occur in areas with salinity >70 g/L (Fig. 6), 
and the highest turion density was observed when salinity 
was ~124 g/L. Water depth had a detectable effect on turion 
density, with highest densities in 0.1–0.4 m water depths.
Fig. 4. The relationship of flower abundance of R. tuberosa to 
salinity and water depth determined across a salinity gradient in the 
Coorong and 3 adjacent lakes. Abundance of flowers scales are 0 = 
absent; 1 = ≤10% cover; 2 = 11–25% cover; 3 = 26–50% cover; 4 = 
51–100% cover.
Variable Source DF F P value
Shoots Season 3 128.39 <0.0001
Site 9 116.43 <0.0001
Season*site 27 17.14 <0.0001
Flowers Season 3 87.50 <0.0001
Site 9 21.15 <0.0001
Season*site 27 21.15 <0.0001
Seeds Season 3 3.41 0.0198
Site 9 44.61 <0.0001
Season*site 27 2.23 0.0017
Turions Season 3 5.12 0.0023
Site 9 6.19 <0.0001
Season*site 27 2.65 0.0002
Table 2. Results of 2-way ANOVA analysis on abundance of 
shoots, flowers, seeds, and turions of R. tuberosa sampled across a 
salinity gradient in the Coorong and 3 adjacent lakes.
Fig. 5. The relationship of R. tuberosa seed density to salinity and 
water depth sampled across a salinity gradient in the Coorong and 3 
adjacent lakes. Mean number of seeds per m2.
Fig. 6. The relationship of R. tuberosa turion density to salinity and 
water depth sampled across a salinity gradient in the Coorong and 3 
adjacent lakes. Mean number of turions per m2.
Fig. 3. The relationship of shoot abundance of R. tuberosa to salinity 
and water depth determined across a salinity gradient in the Coorong 
and 3 adjacent lakes. Abundance of shoots scales are 0 = absent; 1 = 
≤5% cover; 2 = 6–25% cover; 3 = 26–50% cover; 4 = 51–75% 
cover; 5 = 76–100% cover.
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Discussion
Macrophytes have adapted to a wide range of aquatic 
environments and have developed different physiological 
mechanisms to varying environmental habitats (Hart et al. 
1991). Numerous studies have identified the importance 
of salinity in determining the distribution of aquatic 
macrophytes (Brock et al. 2005, Sim et al. 2006), although 
the mechanisms are not always simple. For example, envi-
ronmental factors including salinity, turbidity, and water 
depth drove changes in the abundance of R. megacarpa 
(Carruthers et al. 1999). Santamaría et al. (1995) reported 
temperature as a major role influencing flowering of 
R. drepanensis Tineo. Nejrup and Pedersen (2008) also 
reported that water temperatures exceeding 25 °C for long 
periods caused the extensive disappearance of eelgrass. 
Water level, salinity fluctuations, redox potential of 
surface sediments, wave exposure, self-shading, 
temperature, desiccation, and light availability are the 
main factors affecting the distribution and growth of 
R. cirrhosa (Mannino et al. 2015). 
This study has shown that R. tuberosa was able to 
survive in a broad range of physicochemical conditions, 
thought to be result of its adaptive life cycle. In particular, 
R. tuberosa is able to reproduce both sexually and vegeta-
tively. Salinity and water depth were identified as the 
principal physicochemical conditions driving changes in 
the distribution and abundance of various life stages of 
R. tuberosa in the Coorong region. Salinity seemed partic-
ularly important, with the highest abundance of R. tuberosa 
found at salinities from 19 to 70 g/L and declined sharply 
in response to increasing salinity from 70 to 109 g/L. These 
results correspond with the germination thresholds for 
R. tuberosa (Kim et al. 2013). The modeled response of 
R. tuberosa shoot abundance was not a simple unimodal 
response, however, but was instead bimodal. The shoot 
abundance increased again to salinity of 124 g/L. As subse-
quently explained, we believe this response was a result of 
differing life-cycle responses of R. tuberosa in a permanent 
waterbody with a broad salinity gradient (the Coorong, 
salinities of 36–116 g/L), an ephemeral waterbody with a 
moderate spring salinity (Lake Cantara, salinities of 
19–62 g/L), and an ephemeral waterbody with a high 
spring salinity (Lake Pipe Clay, salinities of 26–124 g/L).
How R. tuberosa’s life cycle is adapted to 
different habitats
A permanent waterbody (the Coorong)
R. tuberosa was absent in both the northern and southern 
extremes of Coorong, and the absence of R. tuberosa was 
thought to be a result of 2 separate phenomenon: 
suboptimal physicochemical conditions in the south and 
the ongoing but incomplete colonisation in the north. 
There were no R. tuberosa shoots at the northern end of 
the North Lagoon (NL1, ~36 g/L), despite apparently 
ideal salinity conditions, as indicated by the modeled 
response and observations within the ephemeral lakes, 
which experienced comparable salinities at times when 
R. tuberosa was present. Relatively low abundance of 
R. tuberosa shoots at NL2 is most likely the result of 
recent colonisation, not a reflection of suboptimal physic-
ochemical conditions. The colonisation may be limited by 
propagule availability because propagule dispersal is an 
important determinant of macrophyte abundance (Tilman 
1993). R. tuberosa has only recently started to colonise the 
northern area of the North Lagoon (previously this area 
was dominated by R. megacarpa), whereas R. tuberosa 
dominated in the South Lagoon (Brock 1979). 
R. tuberosa’s restriction to the South Lagoon may have 
been a result of being outcompeted by R. megacarpa in 
the North Lagoon; salt-tolerant species are often out-com-
Physico-
chemical 
parameter
Shoots Flowers Seeds Turions
x R2 = 0.73 x R2 = 0.76 x R2 = 0.27 x R2 = 0.43
Tol Sen Tol Sen Tol Sen Tol Sen
Salinity 7.135 0.523 7.135 0.415 14.27 0.398 7.135 0.429
Depth 8.600 0.224 8.600 0.174 0.825 0.536 82.95 0.090
Turbidity 190.4 0.031 95.20 0.079 190.4 0.081 142.8 0.055
DO 3.359 0.105
Water pH 0.682 0.114 0.512 0.111 1.875 0.014
SRP 110.6 0.146
SOC 12.63 0.027
Table 3. Summary of nonparametric multiplicative regression models describing the relationships between physicochemical conditions and the 
abundance of R. tuberosa life stages sampled across a salinity gradient in the Coorong and 3 adjacent lakes. DO = dissolved oxygen; SRP = 
sediment redox potential; SOC = sediment organic content; Tol = tolerance; and Sen = sensitivity.
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associated with wind seiching, may limit the abundance of 
macrophytes in shallow areas (Keddy 1983). Given that 
these processes are likely relatively consistent between 
sites of the Coorong, however, it is unlikely that they 
contributed to the observed distribution and abundance 
along the length of the Coorong but instead contributed to 
the distribution and abundance along transects. The 
reduced abundances of R. tuberosa at depths >0.6 m 
suggest light limitation and that R. tuberosa is a 
high-light–adapted species, although it may be associated 
with the relatively high turbidity of the water. Carruthers 
et al. (1999) found that the abundance of R. megacarpa 
was inversely related with turbidity, and turbidity has 
previously been considered important in limiting depth 
distribution of seagrasses (Verhoeven 1980). Similarly, 
Ruppia cirrhosa (Petagna) Grande grew to only 34% of 
the biomass of an unshaded control when subjected to 
75% shading for 3 months (Verhoeven 1980). Orth and 
Moore (1988) found that abundance of R. maritima L. 
decreased as water depth increased to 1 m, suggesting 
reduced light availability may be the principal causative 
factor affecting the distribution in Chesapeake Bay, USA. 
They considered R. maritima to be a high-light–adapted 
species and Z. marina a low-light–adapted species, 
suggesting these 2 varied photosynthetic capacities allow 
R. maritima to dominate in the shallow (water depth of 
~0.3 m), high-light–intensity areas, while Z. marina 
dominate in the deep (water depths 0.8–1.2 m), low-light–
intensity areas. 
An ephemeral waterbody with a high spring salinity (Lake 
Pipe Clay)
Salinity did not affect the distribution and abundance of 
shoots of R. tuberosa in Lake Pipe Clay (LPC8), an 
ephemeral waterbody with salinities ranging from 26 to 
124 g/L at the time of this study. Although the highest 
abundance of R. tuberosa was observed at 26 g/L, high 
abundance also occurred at salinities of 116–124 g/L. The 
observations of high abundance at high salinity were 
R. tuberosa observed at Lake Pipe Clay during spring. The 
elevated salinities at this time were a result of evapocon-
centration as lake levels fell. Salinity levels in Lake Pipe 
Clay seem favourable for germination in autumn (Kim 
2013), and results suggest that this was also the case for 
shoot growth during winter and spring; however, no 
flowering and relatively low seed densities were detected 
in this site. 
The high salinities during spring may affect the 
flowering of R. tuberosa. Sim et al. (2006) also reported 
limited flower production as salinity increased, and 
Santamaría et al. (1995) also found tissue ion concentra-
tion limited flower production of R. drepanensis. The 
findings of the present study indicate a decrease in sexual 
peted by salt-sensitive species in less stressful environ-
ments (Katembe et al. 1998). Since the disappearance of 
R. megacarpa in the North Lagoon, the distribution of R. 
tuberosa has drifted northward (Paton and Rogers 2007). 
In contrast to NL1, the absence of shoots in the 
southern end (SL7) is most likely due to ion toxicity. 
Similarly, both Carruthers et al. (1999) and Sim et al. 
(2006) reported that the abundance of R. megacarpa and 
R. polycarpa was negatively affected by salinity. In 
general, a plant’s distribution is associated with success of 
all stages of its life cycle (Carruthers et al. 1999): 
germination, establishment, growth, and reproduction. 
Here, highly saline conditions were experienced 
throughout the year, and so it seems that salinities were 
always too high for R. tuberosa to establish and complete 
its life cycle (Santamaría and Hootsmans 1996, Carruthers 
et al. 1999). Salinities at SL7 are in the range of the 
maximum salinity thresholds for seed and turion 
germination for R. tuberosa (Kim et al. 2013). Further, the 
salinity levels in parts of the South Lagoon exceeded 
thresholds for flower production. The negative influence 
of salinity on flower abundance of R. tuberosa is in 
agreement with Sim et al. (2006) for R. polycarpa, Lam-
prothamnium macropogon (A. Braun) Ophel, and Lam-
prothamnium succinctum (A. Braun in Ascherson) Wood. 
The observed effect of salinity on flowering resulted in an 
apparent decrease in sexual reproduction (seeds) and an 
increase in asexual reproduction (turions) in Coorong. 
Over time, this process would deplete the seed bank in 
areas with suitable salinity levels for a portion of the year 
to allow germination but with unsuitable salinity levels 
year-round to allow flowering and sexual reproduction. 
The small numbers of seed present in the South Lagoon of 
the Coorong suggest that seed production was minimal 
due to elevated salinities, with R. tuberosa instead relying 
on turion production for reproduction. Turion cell death 
by ion toxicity, however, occurs after immersion in high 
salinity, and turions are more vulnerable to extreme 
salinities than seeds (Kim et al. 2013). Turion viability 
will therefore be lost on exposure to elevated salinities 
during summer. 
Water depth was shown to be the second most 
important factor in the abundance of R. tuberosa in the 
Coorong. These findings contrast with those of Carruthers 
et al. (1999), who found that water depth was a primary 
factor controlling the distribution of R. megacarpa in 
Wilson Inlet, Western Australia. In that case, however, 
salinities were much lower than for the Coorong. For 
R. tuberosa in the Coorong, shoot abundances were 
highest between 0.2 and 0.6 m, and flowers, seeds, and 
turions were most abundant between 0.1 and 0.4 m. 
Wind-driven turbulence at the sediment surface and 
dislodgement of shoots, as well as periodic desiccation 
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reproduction capacity of R. tuberosa at high salinities. In 
contrast, the highest turion density was maintained in 
LPC8 at salinities of 109–116 g/L, suggesting that the 
high shoot abundance of Lake Pipe Clay is maintained 
through the production and germination of turions and 
that shoot growth and turion production have extremely 
wide tolerance to salinity fluctuations (Vollebergh and 
Congdon 1986, Sim et al. 2006). Brock and Lane (1983) 
found R. tuberosa occurs at salinities of 16–160 g/L and 
recorded that R. polycarpa and R. megacarpa occurred in 
seasonally ephemeral ecosystems at salinities of 1.4–124 
and 10–148 g/L, respectively. In contrast to shoot and 
turion production, the most sensitive (salinity) components 
of the life cycle of R. tuberosa are flowering, seed 
production and germination, and turion germination. 
An ephemeral waterbody with a moderate spring salinity 
(Lake Cantara)
Like Lake Pipe Clay, salinity did not affect the distribu-
tion and abundance of R. tuberosa shoots in Lake Cantara, 
an ephemeral waterbody with moderate spring salinities 
ranging from 19 to 62 g/L at the time of this study. Unlike 
other sites, however, physicochemical conditions in Lake 
Cantara were not only favourable for the establishment 
and development of R. tuberosa shoots, but also for flower 
production and seed production and germination. The 
highest flowering density for R. tuberosa was observed in 
Lake Cantara at salinities of 47–62 g/L, a range that 
agrees with the findings of Sim et al. (2006), who reported 
R. polycarpa flowering at salinities of 40–50 g/L. Water 
depth seemed to be an important factor affecting flowering 
of R. tuberosa. The highest flowering density observed at 
shallow depths of ~0.2 m was likely associated with 
highest flowering density in Lake Cantara (suitable 
salinity) in spring, when water levels are lower due to 
evaporation. In contrast to the Coorong and Lake Pipe 
Clay, the R. tuberosa population of Lake Cantara was 
associated with seed production and germination. 
Seed bank availability is a well-known, important 
factor for distribution and abundance of halophytes 
(Santamaría and Hootsmans 1996). Seeds provide critical 
functions for continuing submerged macrophyte 
populations by colonizing new environments (Jarvis and 
Moore 2008). Santamaría and Hootsmans (1996) reported 
that seed bank density is the main controlling factor in the 
development of R. drepanensis, and they also found a 
positive relationship between biomass and seed yield. 
Their findings agree with those of Santamaría et al. (1995), 
who found that flower production is positively correlated 
with biomass. The importance of seed production for R. 
tuberosa populations is supported by the observation that 
the highest shoot abundances of R. tuberosa were at 
salinities of 19–62 g/L, with highest germination rates at 
salinities of 0–62 g/L (Kim et al. 2013). Overall, the 
intraannual salinities of 19–62 g/L in Lake Cantara may be 
optimal salinities for all life stages of R. tuberosa. 
Management implications for the restoration of 
Ruppia
From this study, we concluded that although optimal 
conditions of R. tuberosa are shallow waters with 
moderately high salinity levels, R. tuberosa has a number of 
mechanisms that allows it to survive in a range of 
conditions. Despite its high salinity tolerance, extremely 
high and constant salinity levels lead to reduced flower and 
seed production, reduced seed and turion germination, and 
thus reduced shoot abundance. Ephemeral systems provided 
adequate salinities for germination (seed and turion) and 
growth during autumn and winter. R. tuberosa is able to 
withstand elevated spring salinities through either sexual 
production or production of turions, depending on salinity 
levels. Any increases in salinities during autumn and winter 
likely have negative impacts on R. tuberosa. In particular, R. 
tuberosa populations that rely heavily on turion production 
and germination are likely to be particularly vulnerable 
because despite R. tuberos producing turions at elevated 
salinities, the germination rates of turions are low compared 
to seeds after exposure to high salinities (Kim 2013). 
The loss of R. tuberosa from parts of the South Lagoon 
of the Coorong and the general northward distribution shift 
is of concern. This shift is associated with reduced riverine 
inflows and increasing salinity concentrations, which likely 
also explain the complete absence of R. megacarpa in the 
North lagoon. If unsuitable salinity levels continue, then 
habitat for R. tuberosa may be restricted or may disappear 
completely, resulting in the complete loss of macrophytes 
in the Coorong ecosystem, and have negative implications 
for the abundance of certain migratory shorebirds (Paton 
and Rogers 2007). This study suggests that salinity, which 
has been found to be the primary driving environmental 
factor controlling the distribution of R. tuberosa, should be 
reduced to <70 g/L in the southern end of the Coorong to 
ensure flower production and a successful R. tuberosa life 
cycle. This goal could be achieved by adequate inflows of 
fresh water to the Coorong, promoting germination and es-
tablishment of the species.
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